A rapid and sensitive method for evaluation of the radical-scavenging activity, which uses ,,,῍-azobis (,-amidinopropane) dihydrochloride (AAPH) as a radical generator in combination with a luminol chemiluminescence (CL) assay, was examined. The radical-scavenging activities of various analytical-grade compounds were measured by monitoring the decrease in CL. In this method (AAPH-CL), compounds that show lower CL values have stronger radical-scavenging activity. These results were compared to those measured using +,+-diphenyl-,-picrylhydrazyl (DPPH)-colorimetry analysis. They were approximately similar in pattern (r , ῌ*.0*.-), although there were some discrepancies. The half-inhibition concentration (IC/*) values of ++ beverages were also evaluated using AAPH-CL and DPPH-high performance liquid chromatography methods. Data from the two methods showed a correlation (r , ) of *..120. We conclude that the AAPH-CL method is suitable for the evaluation of radical-scavenging activity in vitro, with the advantages that it is rapid to carry out, has good sensitivity, is not a#ected by impurities or color in the solution, and bears some similarity to cellular processes.
Introduction
Many types of physiological processes in living organisms inevitably produce oxygen-related free radicals and other reactive oxygen species. Oxidative damage caused by free radicals has been implicated in the pathogenesis of aging and various diseases, such as atherosclerosis, cancer, and rheumatoid arthritis (Kehrer, . Although human and other organisms possess radical-scavenging defenses and repair systems that have evolved to protect them against oxidative damage, these systems are insu$-cient to prevent damage completely (Simic, +322) . Thus, radical scavengers in the human diet are of great interest as possible protective agents to help reduce oxidative damage in human tissues, and have been linked to disease prevention (Gordon, +330) . Interest has been focused on the measurement of radical-scavenging activity in dietary components after ingestion and in biological fluids such as serum and urine.
Various methods for assaying radical-scavenging activity in vitro have been reported. Among these, azo compounds, which generate free radicals through spontaneous thermal decomposition are useful for in vitro studies of lipid peroxidation (Niki, +321) . In particular, the watersoluble compound ,,,῍-azobis(,-amidinopropane) dihydrochloride (AAPH) has been commonly used as a clean and controllable source of thermally produced alkylperoxyl free radicals. AAPH leads to the formation of carboncentered radicals, which under aerobic conditions yield Abbreviations : AAPH, ,,,῍-azobis(,-amidinopropane) dihydrochloride ; DPPH, +,+-diphenyl-,-picrylhydrazyl ; CL, chemiluminescence ; RLU, relative light unit ; HPLC, high performance liquid chromatography ; Trolox, 0-hydroxy-,,/,1,2-tetramethylchroman-, -carboxylic acid ; HEMF, . -hydroxy-, -ethyl-/ -methyl--(, H)-furanone ; HDMF, .-hydroxy-,,/-dimethyl--(,H)-furanone ; BHA, --t-butyl-.-hydroxyanisole ; BHT, ,,0-di-t-butyl-p-cresol ; HB, hydroxybenzene (phenol) ; DHB, dihydroxybenzene ; THB, trihydroxybenzene ; BAD, benzoic acid ; HBAD, hydroxybenzoic acid ; DHBAD, dihydroxybenzoic acid ; THBAD, trihydroxybenzoic acid ; BAL, benzyl alcohol ; HBAL, hydroxybenzyl alcohol. E-mail : kitao.satoshi@osaka-shoin.ac.jp Food Sci. Technol. Res., ++ (-), -+2ῌ-,-, ,**/ alkylperoxyl radicals and alkylperoxides that are capable of modifying lipids and DNA (Equations +ῌ-) (Niki, +321) .
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where Aῒ-C(CH-), C(NH,)ῒNHῌHCl. The rate of decomposition of AAPH is determined primarily by temperature and, to a minor extent, by the solvent and the solution pH. At -1ΐ in neutral water, the half-life of AAPH is about +1/ h, so the rate of radical generation is virtually constant for the first few hours. The rate of free peroxyl radical generation, Ri, from AAPH at -1ΐ is given by the following equation (.):
where the concentration of AAPH is given in moles per liter. The rate of radical generation is directly proportional to AAPH concentration (Niki, +33*).
The luminol chemiluminescence (CL) assay for the detection of some peroxides, including hydrogen peroxides and lipid hydroperoxides as well as alkylperoxyl radicals and alkylperoxides, is well known for its picomole-level sensitivity (Miyazawa et al., +33., Whitehead et al., +33, , Hirayama et al., +331) . Heme catalysts such as microperoxidase (the proteolytic fragment of cytochrome c), hematin and lactoperoxidase are used in this reaction. Cytochrome c in the presence of lipid hydroperoxides is a favorable source for generating active oxygen radicals, which oxidize luminol (Miyazawa et al., +321) . To date, however, there are few reports (except for ours) on the luminol CL method for radical-scavenging activity using peroxyl radicals derived from AAPH. We previously examined the radical-scavenging activity of histidinerelated compounds (Tamura et al., ,**+), fish sauce (Harada et al., ,**,, ,**-), Chinese tea (Ando et al., ,**,) and soy sauce (Ando et al., ,**-) . However, because these papers did not describe the reliability of the AAPH-CL method in detail, we examined this aspect and compared it with the commonly used +,+-diphenyl-,-picrylhydrazyl (DPPH) method of measuring radical-scavenging activity.
In this study, we present an investigation of peroxyl radical-scavenging activity measurement with the aim of establishing the reliability of the AAPH-CL method, which is sensitive and can be performed rapidly. We suggest that this method is suitable for evaluation of radical-scavenging activity based on the measurement of Table + . List of compounds used in this study and their radical-scavenging ratios for AAPH and DPPH radicals. Method for Radical-Scavenging Activity various analytical-grade compounds and also some commercially available beverages.
Materials and Methods
Materials AAPH, sodium tetraborate decahydrate (borax) and tris(hydroxymethyl)aminomethane (Tris) were purchased from Wako Pure Chemical Industries Ltd. (Osaka). Luminol, cytochrome c from horse heart and DPPH were obtained from Nacalai Tesque (Kyoto). Table + lists the radical-scavenging compounds used in this study. Various flavonoids and related compounds were purchased from Funakoshi Co., Ltd (Tokyo). Various phenolic and related compounds were obtained from Tokyo Kasei Kogyo Co., Ltd. (Tokyo). All chemicals and reagents were of analytical grade. Eleven beverages of various types (co#ee, tea and wine) were purchased at local markets. These were all canned beverages, except for the three types of wine.
Measurement of radical-scavenging activity by the AAPH-CL method Figure + shows the experimental procedure for the luminol CL reaction using alkylperoxides derived from AAPH and cytochrome c as a heme catalyst (Harada et al., ,**,) . Based on this procedure, peroxyl radicals generated from AAPH by heating were reacted with luminol under alkaline conditions. CL intensity was measured using a photon counter (Lumitester C-+**, Kikkoman Co., Tokyo) and expressed as relative light units (RLU). Lower RLU values represent greater inhibition of CL intensity.
AAPH solution (.* mM, ,** ml) dissolved in ,/ mM phosphate bu#er (pH 1.*) was added to the same volume of the sample solution dissolved in the same bu#er (/ mM, ,** ml) and mixed instantaneously. For the control, an identical volume of ,/ mM phosphate bu#er was used instead of the sample solution. These mixtures were incubated at -1ῑ for , min to generate peroxyl radicals. After incubation, luminol reagent (,** ml), which contained luminol (++,.3 mM) and cytochrome c (..* mM), dissolved in +** mM sodium tetraborate bu#er (pH 3.-), water and methanol (volume ratioῐ3 : + : -*), was added to the incubated AAPH mixture and the CL intensity was immediately measured. The final concentrations of AAPH, luminol and cytochrome c were +-.-mM, -1.0 mM, and +.--mM, respectively.
The AAPH peroxyl radical-scavenging ratio was calculated by the following equation (/):
where RLUsample and RLUcontrol are the RLU values of the sample and the control solution, respectively. Measurement of radical-scavenging activity by DPPHcolorimetry method DPPH-colorimetry analysis (Blois, +3/2) was performed as follows. The sample solution (/** mM, ,** ml), dissolved in +** mM Tris-HCl bu#er (pH 1..), was mixed with the same bu#er (2** ml) and then added to + ml of /** mM DPPH in ethanol (final concentration ,/* mM). For the control, the same volume of +** mM Tris-HCl bu#er was used instead of the sample solution. The mixture was shaken vigorously and left to stand for ,* min at room temperature in the dark. The absorbance by DPPH at /+1 nm was measured with a UV-VIS spectrophotometer (Shimadzu UV-+,**, Kyoto). The DPPH radical-scavenging ratio was calculated using the following equation (0):
where Asample and Acontrol are the absorbance of the DPPH solutions mixed with the sample and the control solution, respectively. Measurement of radical-scavenging activity by DPPHhigh performance liquid chromatography (HPLC) method We performed the same basic procedure as described above, and then subjected the mixture to reverse-phase HPLC analysis (Yamaguchi et al., +322) . HPLC analysis was done under following conditions : column, TSKgel Octyl-2*Ts (..0῏+/* mm, Tosoh, Tokyo) ; detection, /+1 nm ; column temperature, ambient ; mobile phase, methanol/ water (1* : -*, v/v) ; flow rate, +.* ml/min. DPPH radicalscavenging activity was evaluated by calculating the di#erence in the decrease in peak area of the DPPH radical detected at /+1 nm for the control and the sample.
Calculation of IC/* values For various beverages, the IC/* value for the AAPH-CL and DPPH-HPLC methods was defined as the concentration which resulted in reduction of the RLU value of phosphate bu#er or the peak area of Tris-HCl bu#er to half, respectively. First, the radical-scavenging activity was calculated using the following equation (1):
where, for the AAPH-CL method, I* is the RLU of the phosphate-bu#er control solution and I is the RLU of each concentration of the sample beverage, and for the DPPH-HPLC method, I* is the peak area of DPPH radical detected at /+1 nm for the Tris-HCl bu#er control solution, and I is the peak area of DPPH radical detected at /+1 nm for each sample beverage. When the value of equation (1) is calculated as -*.+*-, the sample concentration I corresponds to half-inhibition. For example, Fig. , shows the relationship between concentration and radical-scavenging value for orange juice.
Statistical analysis Linear regression analysis of the scavenging ratio for AAPH peroxyl radical (X) versus that for DPPH radical (Y) and the IC/* value for AAPH peroxyl radical (X) versus that for DPPH radical (Y) were calculated using the regression procedure in Microsoft Excel 32. A linear fit adequately described the data, as shown by the Pearson's correlation coe$cient.
Results and Discussion
Correlation of radical-scavenging activities obtained by AAPH-CL and DPPH-colorimetry methods for various analytical-grade compounds To estimate the reliability of the AAPH-CL method for measurement of radicalscavenging activity, the /2 compounds shown in Table + were examined and their radical-scavenging activities compared with those obtained by the DPPH-colorimetry method. The final concentrations of compounds used in the reaction mixtures were +.01 mM (AAPH-CL method) and /* mM (DPPH-colorimetry method), respectively. The reason for using di#erent concentrations was that they cover the relative range from * to +**ῌ of the scavenging ratio for each method. Figure - shows the correlation of the radical-scavenging ratios for these two methods. The obtained correlation coe$cient (r , ) of *.0*.-, as shown in Fig. -, indicates that the results of the two methods were approximately similar in pattern, with some discrepancies. The use of di#erent concentrations demonstrated that the AAPH-CL method is about -* times more sensitive than the DPPH-colorimetry method.
It was found that catechin compounds (,+ to ,/), que- Method for Radical-Scavenging Activity rcetin (+*), rutin (++), fisetin (+-), ellagic acid (-.), +,,-dihydroxybenzene (DHB) (-0), +, ,, --trihydroxybenzene (THB) (-3), ,,--dihydroxybenzoic acid (DHBAD) (.0), and -,.,/-trihydroxybenzoic acid (THBAD) (/.) exhibited relatively strong scavenging activities for the radicals of both the DPPH and AAPH methods. This observation provides evidence for the highly significant contribution of adjacent phenolic OH groups to the radical-scavenging activity of those compounds. In contrast, amino-acid compounds such as histidine (.), carnosine (1), and homocarnosine (2) showed no scavenging activity for the radicals of either method at the concentrations studied. D-(ῌ)-Quinic acid (-,) and benzoic acid (BAD) (.,), which have a carboxyl group but no phenolic OH group, showed no scavenging activity for the DPPH radical under these conditions, but they did show some activity in scavenging the AAPH peroxyl radical. We suggest that these di#erences are caused by di#erences in the reactivities of various compounds with the two types of radical. We concluded that use of the AAPH peroxyl radical was more appropriate for measuring radical-scavenging activity in vitro, because the activity of the AAPH peroxyl radical shows a greater similarity to cellular activities such as lipid peroxidation (Niki, +321) . Trends were apparent in the comparison of radicalscavenging activities among various chemicals. However, in this experiment, fixed concentrations were adopted for each method because the comparison between the two was focused on obtaining data on the reliability of the AAPH-CL method compared to the DPPH-colorimetry method. If it is necessary to provide the order and absolute value of radical-scavenging activity, it is preferable to measure the half-inhibition concentration (IC/*) value.
Comparison between IC/* values for radical-scavenging activity of various beverages by AAPH-CL method and DPPH-HPLC method We examined the IC/* values of the radicalscavenging activities of various beverages as an example application of the AAPH-CL method. Because some of the beverages were colored, the DPPH-HPLC method was employed instead of DPPH-colorimetry to avoid interference with the absorbance at /+1 nm. As shown in Fig. . , IC/* values measured by the two methods show some correlation (r , ῍*..120), with discrepancies. We suggest two possible reasons for these discrepancies : one is the e#ect of di#erent radical types, and the other is the low productivity of data from experiments using the DPPH radical, especially when colored beverages such as grape juice are used. White wine and orange juice were less sensitive to the DPPH radical than the AAPH peroxyl radical. In contrast, green tea and grape juice showed relatively weak scavenging activities for the AAPH peroxyl radical compared to the DPPH radical. In a comparison of three types of wine, the scavenging activity for both radicals decreased in the same order : red wine῎rose wine῎white wine. This agrees with the results of a previous report which stated that red wine had the highest radical-scavenging activity among three wine types, as measured by the DPPH-HPLC method, as it contains the highest amount of phenolic compounds (Yamaguchi et al., +332) . In the case of three types of tea, the orders of scavenging activity obtained by the two methods were opposite. AAPH peroxyl radical-scavenging activity decreased in the order oolong tea῎black tea῎green tea, while DPPH radical-scavenging activity decreased in the order green tea῎black tea῎oolong tea. This di#erence may be due to the sensitivity of ingredients such as catechins and theaflavins to the two types of radical. Table , shows a comparison of three methods, AAPH-CL, DPPH-colorimetry, and DPPH-HPLC methods, for measurement of radical-scavenging activity. The advantages of AAPH-CL method are its rapidity, sensitivity and suitability for use with colored substances. Although the experimental operation of the AAPH-CL method is more complicated than those of DPPH-based methods, due to the necessity of preparing more reagents, this disadvantage may be resolved with operator experience. Photon counters, which are requisite for the AAPH-CL method, are now generally widespread. We hope this method will be generally accepted to the same extent as the DPPH-colorimetry and DPPH-HPLC methods as a measurement of radical-scavenging activity. The AAPH-CL method appears to be especially appropriate for searching for radical-scavenging activity with a wide field of coverage in vitro. The application of the AAPH-CL method to various compounds such as dietary components and biological fluids is currently being examined.
